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Abstract—The Nuclear Compton Telescope (NCT) is a balloon-
borne soft gamma-ray (0.2-10 MeV) telescope designed to study
astrophysical sources of nuclear line emission and polarization.
NCT consists of twelve high-purity germanium cross-strip de-
tectors (GeDs) that measure both the position and energy of
gamma-ray interactions. A 10-GeD version was ﬂown on May
17-18 2009 from the Columbia Scientiﬁc Balloon Facility in Fort
Sumner, NM, with a total ﬂight duration of 38.5 hours. Here we
summarize the instrument, the calibrations, the ﬂight, and our
preliminary science results.
Index Terms—Gamma-ray astronomy detectors; gamma-ray
imaging; Compton imaging; germanium detectors.
I. INTRODUCTION
THE Nuclear Compton Telescope (NCT) is a balloon-borne soft gamma-ray telescope designed to study as-
trophysical sources of nuclear line emission in the crucial
0.5-2 MeV range and gamma-ray polarization in the 0.2-
0.5 MeV range [1]–[4]. NCT employs a novel compact Comp-
ton telescope design (Fig. 1), utilizing twelve high spectral
resolution orthogonal strip germanium detectors (GeDs) with
the ability to record in three dimensions the location of each
individual photon interaction. Tracking individual interactions
serves three purposes: imaging the sky using Compton imag-
ing techniques, measuring polarization, and very effectively
reducing background.
The entire set of detectors and their cryostat are enclosed
inside a well of anticoincidence BGO shields to reduce the
Earth albedo and atmospheric backgrounds (Fig. 2). The
resulting overall ﬁeld of view is primarily limited by the
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Figure 1. The heart of NCT is an array of 12 cross-strip GeDs with
3D position resolution, excellent spectroscopy, sensitivity to gamma-ray
polarization, and high efﬁciency.
BGO shields to ~3.2 sr. The entire instrument and readout
electronics are mounted in a pointed, autonomous balloon
platform (Sec. IV).
To date, NCT has ﬂown on two conventional balloon ﬂights.
The ﬁrst was a prototype ﬂight in 2005 that succeeded in
measuring the soft gamma-ray atmospheric background and
galactic anticenter region [5]–[7]. The second was the ﬂight
described here of the a 10-GeD version of the instrument in
May 2009.
II. DETECTORS AND CRYOSTAT
NCT currently consists of ten high-purity germanium cross-
strip detectors (GeDs) that measure both the position and
energy of gamma-ray interactions. A single GeD is shown
in Fig. 3, and the entire array of 10 GeDs is shown in Fig. 4.
Each GeD measures 8×8×1.5 cm, with a 2 mm strip pitch and
37 strips on each side. There is a gap of 0.25 mm between
the strips to minimize the number of charge sharing events
and the resulting charge loss, while maintaining high spectral
resolution. A 2 mm-thick guard ring surrounds this active area
on both faces of the detector, with a 1 mm gap between the ring
and the edge of the crystal. The guard rings are instrumented
to provide anticoincidence signals for rejection of events with
interactions in these regions.
Since the GeDs are orthogonal strip detectors, the 2D
position of each gamma-ray interaction is determined through
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Figure 2. The NCT instrument cradle during the 2009 ﬂight, showing
the cryostat that houses the 10 GeDs, the liquid nitrogen dewar, and the
anticoincidence BGO shields surrounding the cryostat.
which X and Y strips collect the charge. The depth inside
the detector is determined using the difference in collection
time between the electrons and holes. The full 3D position
resolution is approximately 2 mm3.
The NCT GeDs are operated as fully depleted p-i-n junc-
tions. The seven p-type GeDs are operated at biases ranging
from -600 to -1600 V, depending on the impurity concentra-
tion. The three n-type GeDs are operated at biases ranging
from +600 to +1000 V. The crystals were fabricated by
ORTEC and processed at LBNL using amorphous germanium
contact technology [8], [9]. In addition, three of the ten
detectors were coated with amorphous silicon on the cathode
side, which has been found to increase the stability of detectors
through temperature cycles [10].
The ten NCT GeDs are housed in a single cryostat that
successfully ﬂew on the prototype ﬂight. The cryostat is
attached to a single 50-liter liquid nitrogen dewar which cools
the GeDs to ~85 K for ~7 days (see Fig. 2). The dewar is
vented through a 5 psi valve keeping the liquid nitrogen under
pressure at ﬂoat. Each GeD is mounted in its own carrier
bracket that mounts on a central copper coldﬁnger. The entire
assembly is enclosed in a thin IR radiation shield.
III. INSTRUMENTATION
NCT uses conventional GeD-quality signal processing elec-
tronics [11]. Each detector strip has a compact, low power
signal processing chain made predominantly of conventional
surface mount components. Detector signal extraction is ac-
complished with a low-power, high performance charge-
sensitive preampliﬁer [12]. The power consumption of the
preamps is 25 mW/channel. A pulse-shaping ampliﬁer, with
both a fast and a slow channel, follows each preampliﬁer.
The slow channel, with a 6 μs time-to-peak unipolar shaper,
is followed by a peak detect and stretch function. The fast
channel uses a bipolar shaper with a shaping time of 170 ns
to timestamp each waveform at the signal zero-crossing, as a
proxy for the half rise time of the signal.
One 10-channel signal processing cluster resides on a single
printed circuit card with both the fast and slow analog signal
Figure 3. One GeD in front of a mirror, showing the vertical and horizontal
metal electrodes implanted on the front and back sides of one detector.
Figure 4. The 10 germanium cross-strip detectors of NCT that were ﬂown
in the May 2009 balloon ﬂight.
processing electronics. Eight of these “analog boards” are
required for each GeD. Each set of eight analog boards con-
nects to a common backplane, which supplies bi-directional
housekeeping communication, power, and event data channels.
Low level input signals connect to the front panel, well away
from the back plane to minimize noise. Each analog board
has one ACTEL Field-Programmable Gate Array (FPGA).
This ACTEL keeps track of trigger rates and coordinates logic
between the different channels. A single Altera NIOS embed-
ded processor board interfaces with each set of eight analog
boards. This “DSP board” coordinates the logic between the
eight ACTELs, compresses event data from the ACTELs, and
communicates with the main ﬂight computer via an ethernet
link. For signal cabling, NCT employs a compact coaxial
ribbon cable manufactured by Gore Industries. This cabling
provides signiﬁcant savings in mass and complexity while
meeting the NCT requirement of <10 ns rise time over the
5 m of cabling needed. Fig. 5 shows the board enclosure for
one detector and the cabling connected to the cardcage.
More details on the digital system, including ﬂow charts of
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Figure 5. The eight analog boards needed to instrument one GeD are
contained in a single enclosure along with a DSP board and low- and high-
voltage power supplies. The compact coaxial ribbon cable may be seen
connecting to the preamp boxes on the sides of the cryostat.
the digital logic involved in acquiring events, can be found in
[13].
IV. BALLOON GONDOLA
The NCT balloon gondola contains systems to provide
power, telemetry, aspect measurement, and autonomous point-
ing for the telescope. Fig. 7 shows the gondola used in the
2009 ﬂight with major components labeled. The detectors
and cryostat are held in a movable cradle (Fig. 2) which is
protected by roll bars. The electronic boards, ﬂight computer,
and batteries are carried in an enclosed electronics bay 6. The
gondola systems will be summarized here, but more details
can be found in [14].
A. Power System
The solar power system (SPS) of NCT consists of two
large photovoltaic arrays, a charge control unit, and a battery
system. Because this ﬂight was intended to qualify NCT for
a long duration balloon ﬂight (LDBF), solar panels were used
in addition to batteries. The panels recharge the batteries,
allowing NCT to operate continually for many day-night
cycles, as required for a long-duration mid-latitude ﬂight.
B. Flight Computer
The onboard ﬂight computer controls the operation of the
detectors and readout electronics, stores and telemeters science
and housekeeping data, interfaces with the CSBF command
uplink, and executes the pointing plan. Data was archived
inﬂight to two redundant ﬂash solid-state drives with capacities
of 64 GB and 8 GB. The ﬂight computer also interfaced with
the CSBF Support Instrument Package (SIP) system, which
provided telemetry and remote commanding during the ﬂight.
C. Pointing and Aspect
Because of NCT’s large ﬁeld of view, its pointing require-
ments are relatively modest at about 2º pointing accuracy. A
rotor assembly allows pointing in azimuth, and a three-axis
Figure 6. The NCT gondola electronics bay. Visible are the 10 card cages
(black anodized aluminum boxes mounted on the sides of the bay), each of
which contains the readout electronics for one detector (80 channels). Also
visible is the gondola control unit (GCU; the brown box in the middle of the
bay consisting of the ﬂight computer and pointing system) and parts of the
solar power system (SPS; the battery boxes are the large white boxes on the
ﬂoor of the bay, and the power control unit is the smaller white box sitting
atop them). The ﬂatscreen monitor and keyboard were removed before ﬂight.
magnetometer is used to orient the gondola relative to the
local magnetic ﬁeld.
Since the prototype ﬂight, we have added a Magellan ADU5
differential GPS receiver. This dGPS system provided an
accurate full aspect solution in real time during the ﬂight. The
dGPS aspect solution was stored in housekeeping and teleme-
tered. Additionally, the ﬂight computer used the dGPS aspect
to correct for any slowly-varying biases in the magnetometer-
based pointing. An aspect magnetometer and accelerometer
were also retained for redundancy. The instrument’s ~5-10º
angular resolution [15] means that aspect reconstruction is
needed to only 0.5º or better.
V. ANALYSIS TOOLS
The software analysis tools for NCT are built using the
Medium Energy Gamma-ray Astronomy library (MEGAlib)
[16], [17]. MEGAlib provides utilities for simulations (Cosima
[18]), geometry modeling (geomega), event reconstruction
(revan), and imaging reconstruction (mimrec), in addition to
tools for building a custom analysis pipeline. A schematic of
the NCT analysis pipeline is shown in Fig. 8.
A. Simulation Tools (Cosima)
Cosima [18] is a gamma-ray telescope simulation tool
based on GEANT4 [19], [20]. It produces an event list of
exact interaction locations for use in calculating the detector
response. Cosima is capable of simulating various source
spectra and geometries, along with particle backgrounds. Thus
it is suitable for simulations of ground calibrations as well as
balloon and space environments.
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Figure 7. The NCT gondola with major components labeled.
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Figure 8. Schematic of the analysis pipeline. The analysis path is the same
for real data and simulated data, allowing straightforward comparison and
validation between the two.
B. Detector Effects Engine
The Detector Effects Engine takes the ideal simulation data
and converts it to the same format as the real data, applying
models of the detector response. Thus, the ideal interaction
locations are grouped into strips, and energy and timing
information is calculated using the inverse of the energy and
depth calculations. The resolution of the energy and timing
channels is added to the data as noise, and thresholds are
applied.
C. Event Calibration
The NCT event calibration pipeline is written in C++ using
tools from MEGAlib. The input to the software is a ﬁle listing
raw detector events, which is a list of the strips that were active
during the event, and the slow channel ADC and fast channel
timing for each strip. This raw data can come from either
the detectors or simulations that have been processed by the
Detector Effects Engine. The output ﬁle contains reconstructed
detector events. Each event is a list of photon hits, and each
hit is assigned its own energy, 3D position, energy resolution,
and 3D position resolution.
The event calibration routine reads events into a buffer,
and events from different detectors that are coincident are
matched according to their timestamp from the readout sys-
tem’s 10 MHz (100 ns) clock. The events are then passed to
a series of modules, each of which handles a discrete step in
the calibration process. A typical order for modules is shown
in Fig. 8. Modules are aware of what actions are performed
upstream of them, and the software prohibits any conﬂicts or
redundancy in their actions.
Since the event calibration software is written to be modular,
different versions of calibrations can be swapped in and out
of position to compare their performance. In addition, other
improvements to the event reconstruction can be inserted into
the pipeline and tested without any large changes to the
software.
D. Event Reconstruction (revan)
After event calibration, Compton event reconstruction is
performed on the reconstructed detector events. The revan tool
uses Compton Kinematic Discrimination (CKD) [21], but is
also capable of other Compton reconstruction schemes. Other
schemes that improve on CKD have been implemented for the
prototype NCT, such as neural nets [22] and Bayesian methods
[23], and will soon be in place for the 10-GeD NCT.
E. Image Reconstruction and other High-level Analysis (mim-
rec)
Once Compton events have been reconstructed, the mimrec
tool is used to create images in various coordinate systems,
including 3D Cartesian, spherical, and galactic coordinates.
Various imaging algorithms have been implemented to im-
prove on simple Compton back-projection, such as List-Mode
Maximum Likelihood Expectation Maximization (ML-EM)
[24]. Other utilities include plots of the locations of initial
photon interactions, calculation of the Angular Resolution
Measure (ARM), and total photon energy spectra.
2134
0 2 4 6 8 10
FWHM (keV)
0
20
40
60
80
100
120
140
160
N
u
m
b
e
r
Single-strip energy resolutions @  662 keV (N=665)
Figure 9. Histogram of single-strip energy resolutions at 662 keV.
VI. CALIBRATIONS
Various calibrations and tests were performed on the NCT
instrument prior to and after the 2009 ﬂight. Here we summa-
rize the preliminary results of these tests, with further details
found in [25] and [26].
A. Energy Calibration
For each of the 37 energy channels on each side of each
detector (~700 channels total), we need to know how to
convert the ADC value into energy in keV. To do this, we
took data with several calibration sources so that each of
the channels has several calibration lines between 30 keV
(129I) and 1333 keV (60Co), allowing for a complete energy
calibration at all relevant energies. From the calibration curve
and measured line widths, the energy resolution was also
determined. A histogram of the energy resolutions for each
strip at 662 keV (137Cs) is shown in Fig. 9, which reveals that
most channels have excellent energy resolution (~0.3-0.9% at
662 keV).
Another measure of the energy calibration is the resolu-
tion obtained after performing Compton event reconstruction.
Reconstruction is performed using the usual NCT analysis
pipeline described in Sec. V. Compton events are expected to
have a lower resolution than single-site events simply because
at least two energy deposits are needed to reconstruct such
an event. Fig. 10 shows such a spectrum for a 662 keV
source. The measured FWHM of the line is 5.4 keV, or 0.82%
resolution.
Work is continuing to be done on the energy calibration,
which will involve correcting for cross-talk for events occur-
ring on adjacent strips. Adjacent strip events create tailing
below the photopeak and a small spurious peak above the pho-
topeak (see Fig. 10). This has been seen in similar instruments
and can be corrected [27], [28].
B. Depth Calibration
Depth is calculated from the timing difference between X
and Y strips. Since each timing channel has slightly different
properties, the timing difference must be calibrated for each
Figure 10. Preliminary spectrum of fully-reconstructed Compton events for
662 keV photons. The small peak above the main peak is due to cross-talk
between adjacent strips and will soon be corrected for in the analysis pipeline.
of the ~372 effective pixels formed by the individual strip
crossings. Data was taken with low-energy calibration sources
incident on each side of the detector to measure the positions
of the surfaces in timing space. This data was then used to
scale a depth calibration curve derived using detector ﬁeld
and charge transport simulations. Validation results using high-
energy sources show good agreement between the data and
simulations [25].
C. Effective Area
The effective area is a key performance parameter for
gamma-ray telescopes. Determining the effective area of NCT
is complicated by the large ﬁeld of view, requiring many data
points to cover an azimuth range of -180º to +180º and zenith
angle range of 0º to 80º. Three different sources were used
to cover the energy range of 356 keV to 1333 keV. In order
for the sources to be in the far ﬁeld within error, the sources
were positioned 5 m away from the detectors. Approximately
1 cm positioning was attained using a theodolite and sighting
points on the source mount (Fig. 11).
Some preliminary results for the effective are are shown
in Fig. 12 from [26]. The results of simulations of the
calibration sources are shown beside the real data, yielding
good agreement thus far. Simulations and the detector effects
engine are undergoing continual improvements.
D. Imaging
Data points from the effective area calibration are also being
combined together and used for imaging tests. So far, this work
has focused on trying to separate closely-spaced sources, such
as the two 137Cs sources shown in Fig. 13 [25].
E. Polarization
In order to determine the sensitivity of NCT to polarization,
we created a partially polarized gamma-ray source by allowing
a 137Cs source to scatter off of a CsI crystal (Fig. 14). Photons
that are coincident between the CsI and the detectors are
expected to be partially polarized because the photons are
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Figure 11. Setup for the effective area calibration. The theodolite used for
placement can be seen in the lower right corner, and the board used for source
placement and sighting can be seen in the upper left. The sources were placed
5 m away from the detectors.
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Figure 12. On-axis effective area at different zenith angles for 662 keV
(red), 1173 keV (green), and 1333 keV (blue). Real data are connected by
solid lines, while simulated data are connected by dotted lines. The dip in
effective area at 0º is a geometrical effect due to the source photons being
incident on the top edges of all detectors.
effectively forced to scatter at a given angle, thus selecting
photons with polarizations parallel to the CsI surface.
Early results show good agreement between simulations
and data, and NCT’s polarization modulation factor is being
estimated [26]. See Fig. 15 for an example of data where a
modulation is seen due to polarization.
VII. THE FLIGHT
The 10-GeD NCT was launched from the Columbia Scien-
tiﬁc Balloon Facility (CSBF) in Fort Sumner, New Mexico
Figure 13. Two 137Cs sources (662 keV) separated by 12º, shown after 30
iterations of ML-EM algorithm.
Figure 14. Polarization test setup. The 137Cs source is located in the bottom
left, shielded by Pb bricks. A CsI scintillator is suspended above the source,
and source photons that are coincident between the CsI and the detectors is
analyzed. Through forcing the photons to Compton scatter off of the planar
surface of the CsI, a partially polarized source is created (although it is not
monoenergetic).
(34.5ºN, 104.2ºW) at 1330 UT 5/17/2009. The ﬂight was
terminated at 0400 UT 5/19/2009 near Kingman, Arizona
(34.9ºN, 113.7ºW). The total ﬂight time was about 38.5 hours,
with nine of the ten detectors on for a total of 22 hours
at ﬂoat. Fig. 16 shows the ﬂight path of the balloon as it
traveled from eastern New Mexico to western Arizona. Fig.
17 shows the altitude of the balloon during the ﬂight. Altitude
was maintained between 35 and 40 km for the entire time the
detectors were operational.
The GeDs functioned nearly perfectly during the ﬂight. The
electronics for one of the ten detectors (D0) did not turn on for
the second day of the ﬂight, but earlier it had been practically
unusable due to high leakage currents on the ground side. Also,
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Figure 15. Polarization modulation data. As expected from a partially-
polarized source, there is a sinusoidal signature in this histogram of the
Comption scatter azimuth.
the readout electronics for another detector (D4) encountered
several errors during the ﬂight, probably due to mismatches
in timing between the analog boards. Its DSP had to be reset
repeatedly to ﬁx the problem.
The ﬂight met all of our goals for preparing for an eventual
Long Duration Balloon Flight (LDBF). The ﬂight computer
had no problems at all, including perfect performance of
the critical pointing schedule and commanding codes. All
telemetry and commanding tests were successful. The differ-
ential GPS system worked ﬂawlessly and provided us with
<0.5° positioning accuracy during the entire ﬂight, well within
NCT’s requirements. The length of the ﬂight also exceeded our
desired time for science observation.
While the science instrument performed well during the
ﬂight, two of the gondola systems showed anomalies that are
being resolved before upcoming ﬂights. First, the azimuthal
pointing system became unstable in its autonomous mode
during the ﬂight (though it eventually recovered), so that
during much of the ﬁrst day we pointed the gondola manually.
Second, the solar power system had trouble maintaining charge
on the batteries, resulting in the instrument being turned off
for several hours to conserve power. This power problem was
due to a failure of the solar panels, probably from overheating.
The damage to the solar panels can be seen in Fig. 18.
The primary science goals of the ﬂight were to observe
gamma-ray continuum emission from the Crab pulsar and the
Cyg X-1 X-ray binary, both point sources visible in the north-
ern hemisphere. Analysis of the science data is commencing.
As of this writing, the aspect solution is nearing completion,
but it is not reliable enough at this moment to create credible
images. However, a spectrum of the background from the
ﬂight has been obtained, revealing the presence of a strong
atmospheric background 511 keV line (Fig. 19), as observed
in the previous ﬂight [6].
VIII. NEXT STEPS
Because the detectors and gondola sustained only minor
damage upon landing, most repairs have been made by six
months after the ﬂight, and the instrument is nearly ready for
Figure 16. The ﬂight path of NCT. The origin was Fort Sumner, which is
the marker on the right hand side of the map. The position of the gondola at
impact with the ground is denoted by the marker on the left hand side of the
map. Google map courtesy of CSBF.
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Figure 17. Altitude of NCT at ﬂoat. The ﬁve-hour gap in the data is when the
system was turned off overnight to conserve power. The ﬂight lasted another
9 hours after the system was powered down.
another balloon ﬂight. The rotor malfunction has been traced
to a faulty strain gauge attached to the main torque shaft,
resulting in poor feedback behavior. It has since been repaired.
The next ﬂight is a conventional ﬂight planned for Spring
2010 from Alice Springs, Australia (23.7ºS, 133.9ºE). The
ﬂight will focus on observing and mapping diffuse galactic
nuclear line emission. The science focus for this ﬂight will
be diffuse galactic gamma-ray emission, such as the 511 keV
positron annihilation line in the galactic center region. Because
of the southern latitude, the galactic center region rises to a
maximum elevation near zenith, so we can get a large amount
of exposure in that region. We are in the process of ﬁnalizing
our pointing plans.
IX. SUMMARY
NCT has ﬂown successfully on two conventional balloon
ﬂights in the northern hemisphere and currently is being
prepared for its ﬁrst southern hemisphere ﬂight. Preliminary
data from the various pre-ﬂight tests and calibrations have
been presented, and data from the ﬂight itself is beginning to
be analyzed.
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Figure 18. The gondola on the ground after the termination of the ﬂight.
Note that the gondola landed upright, which allowed the liquid nitrogen to
remain in the dewar so the detectors remained at cryogenic temperatures. Also
apparent is the bubbling and cracking damage sustained by the solar panels
during ﬂight.
Figure 19. Spectrum from ﬂight, from 0-1500 keV. The atmospheric
background line at 511 keV is clearly visible.
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